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study (Etienne-Manneville and Hall, 2002) and many par-Ruedi Meili and Richard A. Firtel*
ticipating molecules have been described in recentSection of Cell and Developmental Biology
years. However, comparatively little is known about theDivision of Biological Sciences
upstream signaling pathways controlling the activationand Center for Molecular Genetics
of Rho family GTPases, their participation in supramo-University of California, San Diego
lecular signaling complexes, and the mechanism of the9500 Gilman Drive
observed mutual regulation between different familyLa Jolla, California 92093
members. We would like to better understand how the
pathways required for directional sensing (the compass)
integrate to coordinate localized changes in the actomy-
osin cytoskeleton that enable directional movement.Rho GTPases control fundamental aspects of neutro-
In all cell types, Rac is a major regulator of F actinphil chemotaxis: establishment of front and back and
assembly and is essential for the formation of a leadingorientation toward the chemoattractant. Two reports
edge. Dominant-negative Rac prevents F actin assem-in this issue show that activated Cdc42 at the leading
bly, whereas constitutively active Rac results in exces-edge helps orient the cell’s axis in a signaling complex
sive F actin assembly and membrane ruffling. An impor-with G, PAK1, and PIX; while Rho, activated via
tant clue about the role of other Rho family membersG13, mediates formation of the uropod, which then
was the observation that Cdc42 is required to properlyinteracts by mutual negative feedback with the front
orient the cytoskeletal responses with respect to theto reinforce polarization (Li et al., 2003 [this issue of
direction of the chemoattractant signal. MacrophagesCell]; Xu et al., 2003 [this issue of Cell]).
expressing dominant-negative Cdc42 move in response
to directional signals but the movement lacks direction-Responses of eukaryotic cells to their environment often
ality (Allen et al., 1998), indicating that Cdc42 may beinvolve the polarization of their cytoskeleton toward the
part of the proposed “compass” that acts as the steeringorigin of a signal often accompanied by protrusion of
mechanism for the cell. Interestingly, Cdc42 seems toan actin-rich lamellipod (pseudopod) and/or whole-cell
transduce positional information in multiple, very dis-translocation (chemotaxis). Examples are shmoo forma-
tinct signaling pathways in addition to chemotaxis. Intion during yeast mating, axonal guidance, neutrophil
yeast, Cdc42 functions during both bud formation andand Dictyostelium amoeba chemotaxis, T cell activation,
during shmoo formation in mating by associating withwound healing, and cell movement during development.
different proteins (Gulli and Peter, 2001). Cdc42 is alsoThe experimental observation that cell polarization and
vital for maintaining cell polarity during developmentalmotility can be uncoupled from the ability of a cell to
processes by interaction with the Par proteins first char-sense a directional signal (Allen et al., 1998; Etienne-
acterized in C. elegans embryogenesis (see Etienne-Manneville and Hall, 2002) led to the reductionist con-
Manneville and Hall, 2002).cept of an intermediate regulatory layer, often termed
Another essential element of the compass in amoe-
a “compass” or “directional sensing” module that im-
boid chemotaxing cells is the phosphatidylinositol
pinges on and spatially orients a polarization/locomo-
3-kinase (PI3K) signaling pathway recently worked out
tion module (Devreotes and Janetopoulos, 2003; Firtel in parallel studies using Dictyostelium amoebae and leu-
and Chung, 2000; Iglesias and Levchenko, 2002; Rickert kocytes (Devreotes and Janetopoulos, 2003; Firtel and
et al., 2000). Although we do not yet have a full inventory Chung, 2000; Rickert et al., 2000). Its main features in-
of the components or a complete wiring diagram, our clude the recruitment and activation of PI3K at the lead-
present understanding of these pathways suggests that ing edge resulting in the localized accumulation of
while individual molecules may vary in importance be- PI(3,4,5)P3 (PIP3). PIP3 serves as a docking site for a
tween cell types and organisms, common principles and subclass of PH domain-containing proteins. Dissection
signaling modules that regulate chemotaxis exist in cells of this pathway in Dictyostelium led to the identification
from evolutionarily distant organisms such as Dictyoste- of such effectors, including Akt/PKB, that are required
lium and mammals. for proper chemotaxis (Firtel and Chung, 2000). Bourne
In chemotaxing cells, including Dictyostelium and and collaborators demonstrated in neutrophils that the
many classes of leukocytes, forward movement is driven PI3K and Rac pathways along with F actin are inte-
by extending the leading edge (lamellipod or pseudo- grated, in part, through a positive feedback loop that
pod) through localized polymerization of F actin. This is amplifies localized signals to form the leading edge
coupled to an actin-myosin II-mediated contraction at (Weiner et al., 2002). The failure of leukocytes lacking
the cell’s posterior (uropod), which reduces the adhe- PI3K to move directionally in response to chemotactic
sion of the uropod to the substratum, allowing the uro- stimulation is reminiscent of the response of cells ex-
pod to be released and retract in the direction of motion. pressing dominant-negative Cdc42, suggesting a coop-
The roles of the small GTPases Cdc42, Rac, and Rho erative relationship between these two signaling
in regulating these changes in the actomyosin cytoskel- branches (Allen et al., 1998; Li et al., 2000). Studies from
eton during chemotaxis have been the focus of intense both Dictyostelium and neutrophils suggest that PI3K
signaling is required for both directional sensing and
the establishment and maintenance of cell polarity (see*Correspondence: rafirtel@ucsd.edu
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Chung et al., 2001; Li et al., 2000; Weiner et al., 2002). ing: both PAK1 and Cdc42 activation in response to C5a
stimulation were severely reduced compared to cellsFinally, the tail of the cell (uropod) is retracted via a
myosin II-mediated process under the control of yet isolated from wild-type littermates. Overall levels of Rac
activation and actin polymerization were not affected,another small GTPase: monocytes lacking RhoA func-
tion, which signals to myosin via the kinase ROCK, suggesting that the GEF PIX is essential for Cdc42
activation but not for Rac in these cells. Both PAK1chemotax directionally but are impaired in uropod re-
traction, similar to the movement of Dictyostelium cells knockdown cells and PIX null cells exhibited very ineffi-
cient chemotactic responses. Chemokinesis (polariza-lacking myosin function (Chung et al., 2001; Devreotes
and Janetopoulos, 2003; Firtel and Chung, 2000; Wor- tion of actin cytoskeleton and movement in a random
direction), which is mediated by Rac, was not affected.thylake et al., 2001).
Although significant progress has been made in enu- The authors demonstrate, as previously described for
Dictyostelium (Funamoto et al., 2002; Iijima and Dev-merating the molecules and pathways that control che-
motaxis and polarity in general, and for neutrophils in reotes, 2002), that PTEN is found on the sides and poste-
rior of chemotaxing cells and not at the leading edge,particular, relatively little has been known about the
communication processes bringing about the observed a subcellular distribution that has been postulated in
Dictyostelium to help restrict PIP3 to the leading edge.complex chemotactic behavior. The two papers from
the laboratories of Dan Wu and Henry Bourne make PTEN exclusion from the sites of highest F actin accu-
mulation still occurred in PI3K null cells, indicating thatmajor headway in explaining how the signaling path-
ways are integrated. The papers focus on distinct as- PI3K is not required for spatial control of PTEN. In
contrast, in PIX null cells, such an exclusion was notpects of the chemotactic response in neutrophils, and
together they provide new insight into how small observed and PTEN now colocalized with F actin, sug-
gesting the PAK1/PIX/Cdc42 module is required to forGTPases coordinate leading and trailing edge functions
to enable cells to polarize and move up a chemoattrac- the proper localization of the PTEN component of the
PI3K pathway. In addition, F actin and activated Akttant gradient.
A Scaffold for the Compass (phospho-Akt, a PI3K effector which localizes in wild-
type cells to the leading edge) were found in randomlyPAK1 is a known regulator of the cytoskeleton, modulat-
ing F actin turnover by inhibiting the actin severing pro- distributed patches in PIX null cells. Conversely, acti-
vated Cdc42 localized to the side of the cell facing thetein cofilin via LIM kinase activation and affecting acto-
myosin contractility via the Rho pathway (Bokoch, 2003). chemoattractant source (leading edge) in wild-type cells
but this directionality was lost in PI3K null cells, al-In vitro, PAK1 binds GTP bound Rac or Cdc42 via its
CRIB domain and is activated by this interaction. In though Cdc42 was still activated and associated with
F actin. These results suggest that the compass functionaddition to its kinase domain and CRIB domain, PAK1
has binding sites for other signaling molecules. Acti- requires the cooperation of both the PI3K and Cdc42
pathways. It is still unclear how these pathways interactvated PAK1 has been previously shown to be in a com-
plex containing a Rho family GEF (PIX), a Rho family biochemically. We note that the posterior localization of
PTEN was not observed by Xu et al. (2003 [this issue ofGTPase, and to possibly be linked to upstream signaling
and the cytoskeleton via adaptor proteins (Bokoch, Cell]). The reason for this discrepancy is not known, but
it may be due to differences in the state or extent of2003). In their paper, Li et al. (2003) now demonstrate
that in response to the chemoattractant C5a, a signaling polarity of HL-60 cells (used in the Bourne laboratory)
and isolated neutrophils employed by Li et al. (2003 [thiscomplex containing PAK1 and PIX is recruited to the
leading edge downstream of its heterotrimeric G pro- issue of Cell]).
Dialog between Front and Backtein-coupled receptor. The recruitment and activation
of PAK1 is mediated by direct binding of PAK1 to G. The second paper (Xu et al., 2003 [this issue of Cell])
adds to our understanding of how the polarization/trans-This interaction of G and PAK1 also brings PIX into
the complex. In turn, PIX activates Cdc42, leading to location module works and uncovers an unexpected
bifurcation of the signaling pathway immediately down-the activation of PAK1. In other words, PAK1 is acting
as a scaffold protein for a G/PAK1/PIX/Cdc42GTP sig- stream of the receptor. It has always been assumed
that positive and negative feedback loops are importantnaling complex. The biological relevance of PAK1 in
Cdc42 activation was demonstrated by reducing PAK1 features of the polarization of the actomyosin cytoskele-
ton in response to directional chemoattractant signals.expression using siRNA. Under these conditions, Cdc42
could no longer be activated significantly, confirming Indeed, Bourne and coworkers recently described a
positive feedback loop in neutrophils at the leading edgethe scaffolding function of PAK1. Importantly, Rac acti-
vation was hardly affected, suggesting that this particu- (Weiner et al., 2002) involving F actin, Rac, and PI3K. The
current paper demonstrates how the mutually exclusivelar PAK1/PIX complex mediates Cdc42 but is not es-
sential for Rac activation. The biochemical pathway is properties of the front and back are generated by parallel
signaling pathways and how they are reinforced, in thisoutlined in Figure 1 and the spatial localization and inter-
actions of the components is shown in the cartoon in case, by negative feedback loops. The concerted action
of these positive and negative feedback loops facilitatesFigure 2.
To study the role of PIX in Cdc42/Rac activation and the formation of highly polarized cells with distinct func-
tions delegated to the leading and trailing edges.chemotaxis, the authors generated PIX knockout mice.
These mice are reported to be fairly normal, probably Neutrophil chemotaxis signaling through G protein-
coupled receptors was thought to be mediated predomi-due to redundancy or compensation in most cell types.
However, neutrophils isolated from these mice exhibit nantly by Gi, as inactivation of Gi by pertussis toxin
(Ptx) completely blocks cell motility. Treated cells be-severe defects in chemotaxis and chemotactic signal-
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Figure 1. Network of Signaling Pathways
Outline of the signaling network described in
the Bourne and Wu papers (Xu et al, 2003; Li
et al, 2003 [both in this issue of Cell, respec-
tively]) connecting chemoattractant receptors
with the cytoskeleton. A module responsible
for directionality senses external gradients
and uses PI3K and Cdc42 to help orient the
locomotion module that regulates F actin
polymerization. The components that directly
facilitate F actin polymerization (WASp, Arp2/3,
etc) are not shown. F actin polymerization at
the leading edge, which is downstream of Rac,
and actomyosin contraction, which is down-
stream of Rho at the uropod, provide the net
translocation force. The biochemical nature
of the observed regulatory interactions be-
tween these main branches is currently un-
known. Some of the arrows stand for multiple
only partially characterized steps. Dashed
arrows indicate a linkage but the pathways
involved have not been elucidated. See the
text for details.
come rounded up and refractory and chemoattractant- uropod, instead of a leading edge, in the direction of
the stimulus, suggesting that RhoA was stimulated inde-mediated stimulation of PI3K, Rac activation, and F actin
polymerization is blocked (Servant et al., 2000). The au- pendently of Rac activation. Biochemical analysis of
Ptx-treated cells revealed that RhoA activation is onlythors revisited this idea and found that rather than being
nonresponsive, Ptx-treated cells exhibited properties of moderately inhibited compared to untreated cells. Two
other inhibitors of leading edge function, Latrunculinthe uropod all around the cell. The RhoA pathway has
been demonstrated in motile mammalian cells to control (an inhibitor of actin polymerization) and LY294002 (an
inhibitor of PI3K) were tested and found to increasecontractility and uropod function through the activation
of the Rho kinase ROCK, which in turn activates myosin basal RhoA activity, suggesting that blocking leading
edge pathways releases a negative feedback inhibitionlight chain kinase (Worthylake et al., 2001). Xu et al.
of posterior functions. The authors found that expres-(2003 [this issue of Cell]) found that activated RhoA
sion of activated RhoA antagonized the Rac-dependentlocalizes to the uropod in chemotaxing neutrophils. In
responses at the front of the cell, indicating there wasresponse to stimulation by a micropipette filled with
a mutual inhibition of the pathways involving these twothe chemoattractant fMLP, Ptx-treated cells oriented a
small GTPases. The presence of such feedback loops
would reinforce spatial separation of the pathways that
differentially control leading edge protrusion and poste-
rior contraction. The pathways and spatial localizations
of the components are shown in Figures 1 and 2.
Further study of the negative feedback mechanism
downstream of RhoA showed that it is mediated by
ROCK and myosin II. Cells in which ROCK activity is
blocked by Y-27632 or myosin II function is directly
inhibited by blebbistatin produce new lamellipodia
around the entire periphery of the cell, not just in the
direction of the chemoattractant gradient, and exhibit
increased Rac activity. The role of myosin in inhibiting
lateral lamellipodia formation in neutrophils is consistent
with previous findings that deletion of myosin II (Wessels
et al., 1988) or ablation of signaling pathways controlling
Figure 2. Localization of Signaling Events in a Chemotaxing Cell myosin II assembly in Dictyostelium (Chung et al., 2001)
The spatial localization components described in Figure 1 are and inhibition of the RhoA pathway in monocytes (Wor-
shown. The described mediators of directionality (PI3K, PAK1 com-
thylake and Burridge, 2003) results in impaired chemo-plex) and of F actin polymerization (Rac, PI3K) are preferentially
taxis, partially due to the failure to suppress the forma-localized to the leading edge. This is controlled, in part, by G and,
tion of lateral pseudopodia in the back of these cells.in part, via a positive feedback loop producing PIP3 as a second
messenger that in turn is able to recruit and activate additional If RhoA activation occurs independent of Gi, what
components. The uropod is characterized by contractile actin/myo- regulates RhoA activation? Xu et al. (2003 [this issue of
sin filaments that are regulated by Rho. As in Dictyostelium, PTEN Cell]) describe a bifurcation of the chemotaxis-signaling
is localized to the plasma membrane at the sides and back but not pathway at the level of the heterotrimeric G protein. Two
the front of cells, helping to restrict the PI3K signal to the leading
likely candidates previously implicated in Rho activationedge. The negative feedback regulation of anterior and posterior
are G12 and G13 (Kozasa et al., 1998), which directlypathways assures functional separation. Gi refers to the heterotri-
meric G protein containing Gi. See the text for details. activate Rho GEFs. Using constitutively active and dom-
Cell
156
inant-negative G13, the authors recapitulated the phe- chemical and cell biological methods, will be necessary
notypes they observed previously when manipulating for the big task ahead to find all components involved,
the activities of the Rho pathway. Constitutively active determine how they interact, measure their subcellular
G13 results in phenotypes associated with a reduction localization and determine their spatial and temporal
in frontal properties similar to those occurring in re- activities, and ultimately fit them into a model reflecting
sponse to constitutively active RhoA or myosin light experimental reality.
chain. Dominant-negative G13 results in phenotypes
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restricted to the side of the cell closest the chemoattrac-
tant source and thus why they do not occur along the
future lateral sides of cells, which “sense” almost the
same concentration of chemoattractant. Is it a matter
of where on the membrane the signal is first sensed
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site (temporal model) or is a putative synergistic amplifi-
cation of the external gradient based on the observed
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The recent progress in our understanding of the regu-
lation of cell motility stems from a combination of fac-
tors: the ability to follow localization of key proteins in
living cells using GFP tagged proteins, the use of FRET
to visualize activation and interaction of proteins, the ex-
ploration of model organisms like yeast and Dictyostelium,
the increasing availability of knockout mice and cell lines,
and the recent development of RNAi techniques. These
new tools, in combination with more traditional bio-
